Introduction
Quantitative plant metabolomics is a tool that helps to improve our understanding of plant biochemistry and metabolism by delivering the accurate measurement, prior to statistical and bioinformatics analysis, of the concentrations of known metabolites that occur in different levels in plant samples [1, 2] . The two most commonly used analytical technologies driving quantitative plant metabolomics studies are mass spectrometry (MS) and nuclear magnetic resonance (NMR) spectroscopy. However, due to its high sensitivity relative to NMR, MS is by far the technology of choice in most plant metabolomics studies, and, when coupled to powerful chromatographic techniques (e.g. liquid chromatography-mass spectrometry (LC-MS), capillary electrophoresis-mass spectrometry (CE-MS) Mass spectrometry-based plant metabolomics is a powerful tool to study the metabolic mechanisms underlying plant responses to adverse environmental conditions (abiotic stress) and/or plant-attacker interactions (biotic stress) that adversely affect plant growth and development.
and gas chromatography-mass spectrometry (GC-MS)), allows the separation and characterization of the extremely high compound diversity present in the plant metabolome [3] [4] [5] . Nonetheless, NMR methods are still increasingly being applied as a particular approach for structure elucidation in plant metabolomics studies [6] . Indeed, both approaches provide complementary as well as supplementary information on the concentrations of metabolites, their ranges and changes in complex plant matrices, and, when combined with new experimental and computational methods, enable routine quantitative analysis of hundreds of plant metabolites [7] [8] [9] [10] .
Despite the state-of-the-art technology employed, the need for standardizing key steps in plant metabolomics experiments, from experimental design to instrument performance, is yet considered a critical issue. In line with this, back in 2007, the Metabolomics journal dedicated an entire issue to the Metabolomics Standards Initiative (MSI), an initiative of the Metabolomics Society developed to ensure that clear information on the biological system and workflow of the metabolomics experiment is delivered to the community [11, 12] . As part of the MSI, the Chemical Analysis Working Group (CAWG) proposed minimum community-agreed reporting standards for chemical analysis that also included minimum reporting metadata related to metabolite identification and quantification [13] . Since then, great interest in standardizing data associated with large-scale metabolomics experiments has become a general consensus, and data sharing, data standards and workflows for metabolomics are progressively becoming more FAIR-compliant (i.e. findable, accessible, interoperable and reusable) within the metabolomics community [14] [15] [16] [17] [18] [19] .
Quantitative MS-based plant metabolomics has established itself as a powerful tool to address interesting biological questions related to plant environment and agriculture. Because plants are sessile organisms, they cannot escape from changing environmental conditions and/or
Experimental design for plant metabolomics
A good experimental design in plant metabolomics heavily depends on the starting point of the experiment and must include (i) the selection of appropriate growth conditions (e.g. photoperiod, relative humidity, temperature), (ii) a suitable number of biological replicates and controls, and (iii) the use of randomization practices throughout the entire experimental workflow [11] [12] [13] [28] [29] [30] . It is also advisable to monitor environmental variations during the progress of the experiment, such as small differences in temperature or light intensity that might occur in the greenhouse or growth chamber; minor variations can greatly affect the biochemical status of the plant [31] (figure 2).
(a) Sample preparation
Sample preparation is another critical step in the design of plant metabolomics experiments and must be carefully planned, from plant tissue harvest and quenching to metabolite extraction [32] (figure 2).
(i) Harvesting and quenching
Tissue harvest should be carried out as fast as possible by immediately freezing the plant tissue in liquid nitrogen (i.e. shock freezing) and storing it at −80°C. Quick inactivation of enzymatic reactions and metabolic processes during tissue harvest is particularly important to avoid fluctuations in the levels of fast turnover metabolites (e.g. glycolytic intermediates) [33] [34] [35] [36] . Fresh-frozen plant tissues should be then finely homogenized, a process often performed using a pre-cooled pestle and mortar filled with liquid nitrogen. Finally, aliquots of fine powdered plant tissue must be rapidly weighed in pre-cooled polypropylene microfuge tubes to ensure that the plant material does not thaw [5, 37, 38] .
(
ii) Extraction of metabolites
The extraction of metabolites from plant tissues should be as comprehensive as possible while making sure that (i) the chemical stability of metabolites is not affected, (ii) the analytical recoveries of metabolites throughout the extraction are complete, and (iii) the variability in metabolite concentrations during the extraction is minimized [37] . The amount of tissue adopted in plant metabolomics experiments might differ between extraction methods (e.g. typically up to 100 mg for primary metabolites or even higher up to 2 g for phytohormones); however, the tissueto-solvent ratio should be maintained. Polar organic solvents (e.g. methanol and acetonitrile) are able to extract both hydrophilic and hydrophobic compounds; therefore, solvent systems that combine both polar and non-polar organic solvents (e.g. chloroform) are often used to separate a polar phase (hydrophilic metabolites) from a non-polar phase (hydrophobic metabolites such as lipids) [37] . Solvent systems containing acetonitrile have been shown to be more efficient than methanol to precipitate proteins, thereby improving the analytical method accuracy and precision in metabolomics experiments [39] [40] [41] [42] . Nevertheless, there is no particular extraction protocol that can cover the full metabolome, and multiple protocols are often employed in plant metabolomics studies for better metabolite coverage [5, 38] .
(iii) Pre-analytical requirements
Prior to metabolite analysis using MS-based technologies (e.g. LC-MS, CE-MS and GC-MS), pre-analytical strategies might be carried out to ultimately (i) concentrate the metabolite(s) of interest, (ii) prevent sample carryover in chromatographic systems, and (iii) eliminate interfering components from the plant matrix [37] . GC-MS is only capable of analysing volatile compounds and requires extensive chemical derivatization procedures to increase volatility and thermostability (e.g. most primary metabolites) [43, 44] . LC and CE allow direct analysis of nonvolatile metabolites. In LC-MS, the plant extract is usually re-dissolved in a solvent with the same composition of the initial conditions of the LC mobile phase. CE-MS, in turn, includes very low organic solvent consumption without the need for extensive sample pretreatment [45, 46] .
Analytical method validation for quantitative plant metabolomics
In quantitative metabolomics studies, major efforts are put into optimizing sample extraction and separation as well as instrumental conditions to measure specific plant metabolites. This is extremely important given the very diverse physico-chemical properties of the compounds that are being analysed in plant matrices. The fundamental challenge, however, is to find the best analytical conditions for validating the method (i.e. the method is precise and accurate and produces reliable quantitative data for target metabolites in a specific matrix) prior to its implementation in routine analyses [47] [48] [49] . Nonetheless, one main aspect common to most analytical validation methods is the attempt to maximize the number of known metabolites that can be quantitatively measured in a single study. MS-based plant metabolomics experiments deal with two approaches for quantitative analyses, namely, relative and absolute quantification. Relative quantification can be defined as the analyte instrumental response relative to an internal standard, and is usually applied in metabolite profiling experiments. In CAWG-MSI-compliant MS-based experiments, relative quantification should include (i) the name and the added amount of the exogenous internal standard compound (e.g. unlabelled ribitol and/or isotopically labelled 13 C-sorbitol); (ii) a description of the method used to evaluate instrument response (e.g. peak integration and deconvolution method); and (iii) the number of replicate analyses and standard error. On the other hand, absolute quantification is a more demanding process and generally includes all method validation steps for absolute metabolite quantification, namely (i) a defined range of metabolite concentration to establish calibration curves that clearly define instrument linearity, (ii) an assessment of the limit of detection (LOD) and limit of quantification (LOQ), (iii) an evaluation of method precision and accuracy, (iv) method specificity and selectivity, and (v) analytical recoveries of commercially available authentic standards during the extraction (advisable) [13] . Based on these guidelines, we next discuss key steps required for the analytical validation of MS-based methods for quantitative plant metabolomics experiments.
(a) Instrument linearity
Linearity is the study of the calibration line and its corresponding slope. For a first-order calibration function (y = a + bx), axis intercept a and slope b are characteristic of the sensitivity of the analytical method (figure 3). Calibration samples are prepared at different concentration levels, and the increasing analyte concentration is plotted against the corresponding detector response (peak height, peak area or peak intensity) [47] . The resulting graphical representation of the calibration data is then evaluated for linearity and the correlation coefficient (R 2 ) determined. However, it has been shown that a correlation coefficient very close to one might also be obtained for a curved relationship, characteristic of a second-order calibration function [50] . In such cases, when visual inspection of the calibration line is not sufficient, Mandel's fitting test is recommended for mathematical verification of linearity [51] . evaluates the linearity of the calibration by calculating the residual standard deviation of a first-order calibration function (S y1 ) and a second-order calibration function (S y2 ) adjustments. The difference between the variances (DS 2 ) is calculated by
where N is the number of standards used in the calibration, and the equation has one degree of freedom. DS 2 and the variance of the second-order calibration function are submitted to an F-test in order to examine for significant differences. The test value (PG) required for the F-test is calculated by
If PG ≤ F, the second-order calibration function does not lead to a significantly better adjustment and the calibration function is linear; if PG > F, the working range should be narrowed to maintain a sufficient linearity; otherwise, the obtained data must be evaluated using the second-order calibration function [52] .
An appropriate number of standards is necessary to define adequately the analytical relationship between concentration and response. Although information on specific requirements for the number of replicates at each concentration level is scarce, five to eight concentration points are recommended within a calibration curve, each analysed at least in triplicate [52] [53] [54] [55] .
The choice of an appropriate calibration model is also necessary for reliable quantification. In quantitative MS-based chromatographic methods, quantification of target compounds can be achieved via: (i) external standard calibration plots, using standard solutions of the analyte; (ii) internal standard calibration plots, where an internal standard is added to the sample and is analysed together with the analyte; (iii) standard addition calibration plots, where increasing amounts of standard are added to several sample matrix aliquots and the standard addition calibration curve is calculated between the measured analytical response and the known added concentrations; and (iv) matrix-matched calibration plots, where calibration is obtained using a matrix reference material (when available) [47] . However, because there is no matrix reference material with known metabolite concentrations available for high-throughput analyses in plant metabolomics studies, this approach has not yet been adopted [56] .
(b) Limit of detection and limit of quantification
The LOD represents the lowest analyte amount that can be detected in a sample, even if it cannot be quantified. In chromatographic methods, a quick estimation of the LOD can be simply defined as the concentration for which the signal-to-noise ratio (S/N) equals 3 ( figure 3 ). The LOQ is the lowest analyte amount that can be quantitatively determined with a good degree of method precision and accuracy ( §3c). In chromatographic methods, the LOQ can be defined as the concentration for which the S/N equals 10 (figure 3) [48, 56] .
(c) Method precision and accuracy
The precision of an analytical method is defined as the closeness of agreement between a set of independent analytical measurements of the same sample, under the optimal developed conditions, expressed as relative standard deviation (RSD, %) or coefficient of variation (CV, %). Within a laboratory, precision of the analytical method is often reported at two different levels: intra-and inter-day precision. In chromatographic methods, these two parameters are often expressed by repeatability of retention/migration times or peak areas. Intra-day precision assesses the repeatability of the analysis of the same sample under equal experimental conditions within the same day. On the other hand, inter-day precision reflects small variations in the experimental or operational conditions from repetitive analysis of the same sample within different days [ The accuracy reflects the closeness of agreement between the true value of the analyte concentration and the mean result obtained by applying the analytical method (i.e. reliable quantification) [48, 54, 57] . In plant metabolomics studies, where no reference materials with known metabolite concentrations are available, the accuracy of the analytical method can be assessed by determining the analytical recoveries of authentic standards or isotopically labelled metabolites spiked into the plant matrix ( §3f) [56] .
(d) Method selectivity and specificity
Selectivity is the ability of an analytical method to measure and discriminate the analyte(s) of interest without interference from other components in the sample, while specificity relates to how well a method is able to unequivocally measure one particular analyte in the presence of other components that might be present (e.g. endogenous or exogenous impurities, degradation products or matrix components). The presence of such interferents affects the analytical procedure, thereby leading to incorrect results [58, 59] . To evaluate the selectivity of a method in terms of the contribution from interfering analytes, a standard addition method of the analyte(s) of interest might be performed using the plant matrix under study ( §3a). A minimum of four standard additions within the established concentration range are advised, and the resulting calibration curve must be compared to the calibration with standard solutions [54] .
(e) Evaluation of matrix effects
Matrix effects (ME) are a serious problem in LC-MS methods, which result from co-eluting matrix components that affect the ionization of the target analyte(s) (i.e. ion suppression or ion enhancement), thereby compromising the accurate quantification of metabolites in the plant matrix [60] [61] [62] [63] . ME can be qualitatively evaluated by performing co-introduction or post-column infusion experiments as proposed by Bonfiglio and co-workers [64] . In this approach, the analyte of interest and the potentially suppressing matrix components are simultaneously introduced into the ionization source. However, the impact of ME is quite difficult to express with this approach because the risk of contamination of the ion source greatly increases when high amounts of the analyte are infused. In addition, because a high number of metabolites are usually profiled in metabolomics experiments, this approach is generally not adopted in routine analyses, as it is very time consuming. ME can be quantitatively evaluated as first proposed by Buhrman et al. [65] and later modified by Matuszewski et al. [62] . This quantitative approach compares the signal response of a target analyte(s) in the absence of matrix (standard solution) with the signal response of the analyte(s) spiked at the same concentration in the matrix after extraction. The quantitative evaluation of the percentage ME is then calculated by % ME = analyte signal response in the presence of matrix analyte signal response in standard solution × 100,
where ME = 100% indicates no matrix effect, ME < 100% indicates ion suppression, and ME > 100% indicates ion enhancement [62] . Alternatively, the presence or absence of ME can be assessed by determining the variability between the slope of a calibration curve prepared in the mobile phase and the slope of the same calibration curve prepared in the matrix, expressed as the percentage CV, where CV values below 4% indicate no ME and the analytical method is acceptable [48, 66] . Overall, the evaluation of ME is an essential part of method development and validation in any LC-MS plant metabolomics experiment, and if ME are found to be relevant, their impact must be reduced or eliminated by optimizing the chromatographic conditions, by sample cleanup (if possible), or by employing corrective calibration methods such as the standard addition method ( §3a). 
(f) Analytical recovery
In plant metabolomics experiments, the analytical recovery determines the influence of an analytical procedure (e.g. extraction) as well as the influence of the plant matrix on the developed analytical method. The analytical recovery is expressed as the percentage of a known amount of analyte spiked into the plant matrix that remains after going through the extraction procedure, and is calculated by
It is usually assumed that if the analytical recoveries are 100% then the procedure in question is free from systematic errors (e.g. extraction). However, it is important to highlight that there is no minimum established value for analytical recoveries, as they are dependent on the analyte; low recovery values can be accepted if a high sensitivity, precision and accuracy are obtained for the analyte over the entire calibration range [48] .
MS-based hyphenated technologies for quantitative plant metabolomics
The plant metabolome comprises a high diversity of metabolites with different physico-chemical properties, and includes carbohydrates, amino and organic acids, lipid-related compounds as well as structurally diverse phytohormones. Metabolites are also present in a large dynamic range of concentrations, from femtomolar to millimolar, and therefore a combination of MSbased hyphenated technologies is ideally applied to allow identification and quantification of as many metabolites as possible [67] . Spectral processing of raw data files (i.e. spectral preprocessing, feature detection, peak detection, spectral alignment, feature normalization and spectral deconvolution) is a key step in the overall workflow of a quantitative plant metabolomics experiment. This step is highly dependent on the MS-based platform used (e.g. LC-MS, CE-MS and GC-MS), and different open access software tools are available (e.g. XCMS, MZmine, MetAlign). More information on the impact of using different algorithms to process the acquired mass spectral data can be found in Cajka & Fiehn [42] .
In this section, we discuss examples on the use of MS-based hyphenated technologies (e.g. LC-MS, CE-MS and GC-MS) for the quantitative analysis of primary metabolites (e.g. carbohydrates, amino and organic acids) and phytohormones (e.g. auxins, cytokinins, giberellins, jasmonates, abscisic and salicylic acids). Because natural products (e.g. anthocyanins and other flavonoids, glucosinolates, terpenoids and alkaloids) do not play an essential role in plant growth, this review will not provide details on these secondary metabolites; important information on their MS-based analysis can be found in recent comprehensive review articles [3, [68] [69] [70] ] to mention just a few. Lipidomics has long been recognized as a subfield of the more comprehensive metabolomics research area, and therefore the extraction and analysis of the plant lipidome falls outside of the scope of this review. Detailed sensitive MS-based methods for the quantitative analysis of lipid-related species can also be found elsewhere [42, [71] [72] [73] [74] [75] [76] .
(a) LC-MS
Liquid chromatography coupled to mass spectrometry (LC-MS) is particularly well suited to profile a small set of known metabolites or compound classes of the plant metabolome, an approach referred to as target metabolite analysis. Generally, in LC-MS applications, the most commonly employed ionization method is electrospray ionization (ESI), a soft-ionization technique that introduces little internal energy and gives little information on structure because few fragments are generated [77, 78] . Detailed fragmentation and structural information from intact ionized species can be obtained by performing collision-induced dissociation (CID) experiments usually carried out on a tandem MS instrument that allows two (MS/MS) or more (MS n ) sequential stages of mass spectrometric analysis [5, 79] . One very important factor when developing LC-ESI-MS/MS methods is the selection of the column chemistry and its retention mechanism. A great number of applications have been reported for the target analysis of phytohormones (in more detail later in this section) and use reversed-phase (RP) stationary phases (i.e. C 18 functional groups covalently bonded to the surface of the silica particle) with typical mobile phases composed of aqueous/organic solvent mixtures (e.g. water/acetonitrile or water/methanol). However, polar analytes (e.g. most primary metabolites) have very little interaction with the apolar C 18 stationary phase, and thereby elute very close to the void volume without chromatographic retention. Consequently, alternative column chemistries (e.g. hydrophilic interaction chromatography (HILIC), porous graphitic carbon (PGC) and anion exchange chromatography (AEC)) must be applied for the target analysis of the wide range of polar metabolites typically found in the plant metabolome (in more detail later in this section).
Within the large range of MS instruments currently available for LC-MS-based plant metabolomics applications (e.g. triple quadrupole (QqQ), quadrupole ion trap (QIT), quadrupole time of flight (QTOF), quadrupole Orbitrap, triple quadrupole-linear ion trap (QTRAP)), LCQqQ-MS methods are desirable in quantitative targeted approaches because QqQ-MS allows highly sensitive multiple reaction monitoring (MRM) experiments, and therefore reliable absolute quantification of low-abundance metabolites (in more detail later in this section).
(i) Primary metabolites
In early plant metabolomics studies, the use of HILIC-ESI-QIT-MS/MS for the quantification of a broad range of highly polar plant metabolites was first introduced by Tolstikov & Fiehn [80] . The HILIC-based 60 min gradient method was used to detect and quantify raffinose family oligosaccharides (RFOs), such as raffinose, stachyose and verbascose, as well as amino acids, amino sugars and sugar nucleotides from Cucurbita maxima phloem tissues. An LOD of 0.5 ng was reported for stachyose [80] (table 1) .
A similar HILIC-ESI-QIT-MS/MS approach was later developed by António and co-workers for the quantification of carbohydrate-related metabolites in Arabidopsis thaliana wild-type and its starchless phosphoglucomutase mutant (pgm1) leaves [83] . The method was rapid, and allowed the separation of a complex mixture containing several reducing and non-reducing sugars, sugar alcohols and sugar phosphates in less than 15 min [83] . In addition, a better LOD was obtained for stachyose (66 pg) , which represents a considerable improvement over the previously reported HILIC method [80] (table 1). In that same study, António and co-workers also demonstrated that HILIC-ESI-QIT-MS/MS and PGC-ESI-QIT-MS/MS gave comparable quantitative results (and LODs) for the analysis of the same set of metabolites, and concluded that HILIC and PGC are two excellent alternatives to typical RP methods for the analysis of highly polar metabolites [83] (table 1) . However, PGC separations have been reported to require extensive method development and strong conditions for the elution of sugar phosphates [81] and sugar nucleotides [84] , which makes HILIC a more suitable approach for the quantitative analysis of these metabolites in routine plant metabolomics studies [83, 85, 86] (table 1) . Nevertheless, less-laborious PGC-ESI-QIT-MS/MS methods have been developed, validated and reported for the analysis of neutral sugars in a wide range of plant metabolomics studies related to plant environment and agriculture, including the quantification of glucose, sucrose and raffinose from Lupinus albus stem tissues (cortex and stele) in response to drought stress and subsequent recovery treatments [82] , RFOs from Haberlea rhodopensis leaf tissues in response to severe desiccation [95] (table 1) , and, more recently, raffinose from Casuariana glauca tissues (nodules and branchlets) in response to several salt-stress conditions (Jorge T.F., Ribeiro-Barros A., Florêncio M.H. and António C., 2016, unpublished data).
High-performance anion exchange chromatography (HPAEC) coupled to ESI-QqQ-MS/MS in the highly selective MRM mode has been reported for the first time to offer the required low LOD for the targeted analysis of low-abundance trehalose-6-phosphate (T6P) in plant extracts [87] . In that study, a linear response ranging from 0.18 to 3. Cucurbita maxima phloem sucrose, raffinose, stachyose, maltoheptose, UDP-glucose,
HILIC-ESI-QIT-MS five-point calibration curves LOD stachyose = 0.5 ng [80] . allowing for the reliable quantification of T6P in the femto-to picomole range (table 1) . T6P was found to be present in A. thaliana wild-type Col-0 tissues at very low concentrations that ranged from 23 to 298 pmol g −1 FW (fresh weight) in leaves and 18 to 482 pmol g −1 FW in seedlings [87] . This highly sensitive HPAEC-ESI-QqQ-MS/MS method has been adopted by other researchers to quantify T6P in plant tissues in a wide range of studies related to plant growth and development [89, [96] [97] [98] [99] [100] . Delatte and co-workers reported an HPAEC-based method coupled to ESI-QIT-MS/MS to reliably quantify T6P in plant extracts in the range 80 nM to 1.3 µM, and LOD 40 nM [40] . In that study, T6P was found to be present in seedlings of A. thaliana wild-type Col-0 and mutant lines at concentrations below 0.35 nmol g −1 FW [40] (table 1) . This method was later used by other authors to quantify T6P [101] [102] [103] . Another approach has been reported by Toraño and co-workers [88] , who developed an HILIC-ESI-QIT-MS/MS to quantify T6P in A. thaliana wildtype Col-0 seedlings. T6P was found to be present in A. thaliana seedlings grown on sorbitol at concentrations below 0.2 nmol g −1 FW, whereas in seedlings grown on trehalose, the levels were found to be higher than 1.2 nmol g −1 FW [88] . With this method, an LOD of 3.5 nM was obtained for T6P, a considerable improvement with respect to the method previously published by the same authors using HPAEC [40] (table 1) . Recently, Mata and co-workers developed an HILIC-based method using a QqQ in the highly sensitive MRM mode to obtain the low LOD required to also measure low-abundance T6P. The method was validated and its utility demonstrated by applying it to quantity the levels of this target metabolite in wild-type roots of the model legume Medicago truncatula following a water deficit treatment. Preliminary results have shown that T6P was found to be present at concentrations as low as 0.016 nmol g −1 FW and 0.09 nmol g −1 FW in M. truncatula wild-type roots, under control and water deficit conditions, respectively (Mata A.T., Jorge T.F., Bronze M.R., Branco D., Fevereiro P., Araújo S. and António C., 2016, unpublished data).
(ii) Phytohormones
Phytohormones are structurally diverse secondary metabolites that play important roles in plant growth in response to abiotic/biotic stress [104, 105] , and include auxins, particularly indole-3-acetic acid (IAA), cytokinins (CK), gibberellins (GA), brassinosteroids (BR), abscisic acid (ABA), jasmonates (JA) and salicylic acid (SA). However, their abundance is usually much lower when compared with primary metabolites, ranging from 0.1 to 50 ng g −1 FW [106] . RP-based LC-MS/MS methods are the most frequently reported methods to accurately estimate these phytohormone levels, which very often require the use of expensive labelled internal standards (table 1) [107, 108] .
A study by Chiwocha and co-workers reported the use of a sensitive and selective RP-ESI-QqQ-MS/MS method for the simultaneous analysis of four classes of phytohormones in Lactuca sativa seeds, including auxins (IAA), CK (zeatin), GA (GA 1 , GA 3 ) and ABA [90] . The method was linear in the concentration ranges selected for the different classes, and LODs ranged from 0.486 fmol for zeatin and 1.127 pmol for ABA (table 1). Pan and co-workers [91] developed a rapid, sensitive RP-ESI-QTRAP-MS/MS method for the simultaneous quantification of seven major classes of phytohormones including auxins, CK, GA, ABA, JA, SA and relevant methyl ester-related metabolites in crude A. thaliana plants wounded with the fungal pathogen Botrytis cinerea [91] . Using this method, LOQ ranging from 0.01 to 10 pg g −1 FW allowed the quantification of all target phytohormones (table 1). Izumi and co-workers [92] described a comparative approach between a nanoflow RP-ESI-IT-MS method and capillary RP-ESI-IT-MS/MS for the quantification of four classes of phytohormones and their derivatives (auxins, CK, GA and ABA) in Nicotiana tabacum and A. thaliana plant tissues [92] . The authors demonstrated that the nanoflow method provided best sensitivity, with an LOD ranging from 0.066 to 18 fmol (table 1) .
Another interesting approach was reported by Liu and co-workers [93] , who developed an RP-ESI-QIT-MS/MS method for the simultaneous determination of around 24 phytohormones including IAA, cis-and trans-ABA, 11 CK and 10 GA in several plant tissues [93] . All phytohormones could be quantified in femtomole quantities in plant tissues, with an LOD (S/N ≥ 5) of 172.65 fmol obtained for IAA, and 13.78 and 65.84 fmol for cis-and trans-ABA, respectively. The LOD for CKs were the lowest (less than 1 fmol) and LOD for GAs were around 100 fmol (table 1) .
An RP-ESI-QqQ-MS/MS method for the simultaneous quantification of ABA, JA and SA in Coffea arabica (L.) leaves was developed by de Sá and co-workers [94] to study the role of these phytohormones in coffee leaf rust. The method showed good linearity over the range 0.042-0.33 µg g −1 for JA and ABA and 0.042-1.67 µg g −1 for SA, with LOD of 0.010 µg g −1 FW obtained for all phytohormones analysed [94] (table 1) .
(b) CE-MS
Capillary electrophoresis coupled to mass spectrometry (CE-MS) is a powerful analytical technique suitable for the separation of highly polar and charged low-molecular-weight metabolites. Briefly, metabolites are first separated according to their charge-to-size ratio and then selectively detected and quantified in the mass spectrometer by their specific mass-tocharge ratio (m/z). The major advantages associated with CE-MS are the non-extensive sample pretreatment procedures that require very low organic solvent consumption, and the efficient and fast separations with low LOD [45, 46, [109] [110] [111] .
On the other hand, the CE-ESI-MS interface is more complex than that of conventional LC-ESI-MS because it operates at very low flow rates and requires thorough optimization of several parameters (e.g. capillary alignment, electrical contact for electrophoretic separation and nebulizer gas pressure) as well as MS-compatible background electrolytes in the running buffer to achieve a proper MS signal. For all these reasons, CE-ESI-MS is still considered a reasonably demanding technique that requires expert hands [112] .
(i) Primary metabolites
Several CE-MS methodologies have been developed for the identification and quantification of a wide range of primary metabolites involved in different metabolic pathways (e.g. glycolysis, tricarboxylic acid cycle, pentose phosphate pathway, photorespiration and amino acid biosynthesis) (table 2) .
In 2004, Sato and co-workers [113] developed an interesting CE-based platform composed of three CE-MS and one CE coupled to a diode array detector (DAD) [113] . This parallel system allowed the identification of 80 metabolites in Oryza sativa samples grouped in different compound classes ranging from amino acids, amines and purine bases (group A), organic acids and sugar phosphates (group B), nucleotides and coenzymes (group C), and sugars (group D) (table 2) [113] . All metabolites were analysed with previously validated methods reported in the literature; groups A, B and C were analysed with CE-MS [118] [119] [120] while group D was analysed with CE-DAD [121] (table 2) . Therefore, in that parallel study, only the inter-day precision was assessed in rice matrices, with RSD obtained for migration times and peak areas ranging from 0.1% to 0.9% and from 5.1% to 73.2%, respectively [113] .
Anionic metabolites from Catharanthus roseus cell cultures were identified and quantified with CE-QqQ-MS/MS by Harada and co-workers [114] . With specific MRM transitions, the authors could determine a total of 53 metabolites, including sugar phosphates, organic acids, nucleotides and coenzyme A. The method exhibited good linearity for almost all metabolites, with LODs that ranged from 0.04 to 8.8 µmol l −1 . Intra-day precision RSD of peak areas and migration times were below 14% and 0.5%, respectively. The analytical recoveries ranged from 70% to 100%, except for those metabolites with higher molecular weight (e.g. coenzyme A) as described by the authors [114] (table 2) .
Delatte and co-workers [115] developed and validated a CE-TOF-MS method for the sensitive target analysis of the low-abundance T6P in extracts of A. thaliana seedlings. This method showed 
Oryza sativa leaves
amino acids, amines, purine bases, organic acids, sugars and sugar phosphates, nucleotides, coenzymes CE-MS RSD migration times 0.1-0.9% RSD peak areas 5.1-73.2% [113] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . good linearity over the range 80 nM to 8 µM in both aqueous standards and plant matrix. Furthermore, inter-day precision RSD of peak areas and migration times were below 4% and 6%, respectively. The lowest level of endogenous T6P measured with that method was determined to be 93 nM, which corresponds to a LOQ of 33 pmol g −1 FW [115] (table 2) . More recently, Zhao and co-workers [116] developed a CE-TOF-MS metabolite profiling method for the quantitative analysis of 154 polar metabolites in mature leaves of five tobacco accessions, including sugar phosphates, amino and organic acids, coenzymes and nucleotides [116] . The method was validated and showed good linearity over the range 0.02-1000 µg ml −1 , with intra-day precision RSD of peak areas ranging from 4.7% to 8.5% and inter-day precision from 5% to 10.2% [116] (table 2) .
(ii) Phytohormones
To the best of our knowledge, only one truly quantitative CE-MS method has been developed for the determination of phytohormones in plant extracts [117] (table 2). In that study, sensitive quantification of acidic phytohormones in O. sativa with CE-TOF-MS could only be achieved using a newly synthesized mass probe, namely 3-bromoacetonyltrimethylammonium bromide (BTA), followed by extensive optimization of several CE-MS parameters [117] . The use of BTA improved the ionization efficiency of the studied phytohormones and contributed to the excellent TOF-MS signal obtained. The authors were able to successfully identify and quantify 15 acidic phytohormones in rice, including ABA, SA, GA, JA, IAA and indole-3-butyric acid (IBA). The method exhibited good linearity over the range 1.3-3000 ng ml −1 . Method precision was also assessed through intra-and inter-day precision RSD of peak areas below 6.7% and 9.9%, respectively [117] . LOD ranged from 0.34 to 4.59 ng ml −1 and LOQ from 1.12 to 15.3 ng ml −1 . The analytical recoveries of the metabolites were also determined, and ranged between 84.6% and 112.2% [117] (table 2) .
(c) GC-MS
Gas chromatography coupled to mass spectrometry (GC-MS) has established itself as one of the most important analytical techniques in plant metabolomics studies [1, 43, 44, 67, [122] [123] [124] . GC-MS methods have an advantage over LC-MS methods because they are able to profile a wide range of metabolites with different physico-chemical properties (e.g. carbohydrates, amino and organic acids) in a single plant extract, while providing structural information of the detected metabolites. In addition, GC-MS is a much more highly reproducible technique than LC-MS, due to the electron ionization (EI) method usually employed, in which gas-phase molecules interact with kinetically activated electrons at an accepted average standard energy of 70 eV [43, 44, 125] . However, GC-MS is only capable of analysing volatile and thermally stable metabolites and requires chemical derivatization to chemically modify non-volatile compounds (e.g. most primary metabolites) to produce volatile derivatives [43, 44] . The derivatization protocol for GC-MS plant metabolomics studies is well established and includes two chemical reactions: methoxyamination followed by silylation [1, 5, 7, 43, 44, 126] . Nevertheless, some thermolabile metabolites (e.g. sugar phosphates) as well as metabolites that do not become volatile even after derivatization (e.g. large oligosaccharides) are not amenable to be analysed with GC-MS, and thereby specific target approaches based on LC-MS are the best choice for their identification and quantification [125, 127] (table 1) .
GC-Q-MS provides sensitive and reliable analysis with an affordable cost; however, it operates at slow scan rates and exhibits low mass accuracy. GC-TOF-MS technology offers high mass accuracy, high duty cycles and fast acquisition times. Moreover, it allows accurate deconvolution of overlapping peaks such as those typically found in plant extracts [7, 128] . Given the increased interest within the metabolomics community in obtaining accurate quantitative metabolite data, the use of a QqQ mass analyser coupled to GC has been recently explored in plant metabolomics [129] . This instrument configuration can simultaneously monitor a large number of MS/MS transitions, which enhances the selectivity and sensitivity of the GC-MS analysis, which constitutes a significant improvement for quantitative GC-MS metabolite profiling [129] .
In GC-MS metabolite profiling approaches, metabolites are frequently quantified using relative quantification; the determination of the relative response ratio is calculated using the metabolite peak area divided by both the peak area of the internal standard (e.g. unlabelled ribitol and/or isotopically labelled 13 C-sorbitol) and the sample fresh/dry weight. Absolute quantification can be obtained if calibration curves of specific metabolites are included in the GC-MS run.
(i) Primary metabolites
A wide range of GC-MS-based methods have been employed in plant metabolomics studies for the analysis of several primary metabolites in different plant tissues (table 3). In the early 2000s, Roessner and co-workers [122] pioneered the use of GC-Q-MS as a metabolite profiling platform for the quantitative and qualitative determination within a single chromatographic run of more than 150 metabolites in wild-type developing Solanum tuberosum (potato) tubers and tubers of transgenic potato plants [122] . Absolute quantification was obtained for 33 primary metabolites in wild-type developing potato tubers, including a range of amino acids, organic acids, sugars and sugar alcohols. Within these classes, the absolute levels found were 0. 15 The GC-Q-MS method optimized for potato tubers was also applied by the same authors to further study potato tuber metabolism in a metabolite profiling comprehensive assessment of four independent potato genotypes characterized by altered sucrose metabolism [123] , and later, in combination with spectrophotometric and LC chromatographic assays, in a comprehensive study of primary metabolism on Lycopersicon esculentum (tomato) leaf and developing fruit tissues [130] . In that study, the application of combined platforms allowed the identification of over 70 primary metabolites that were used for the characterization of the metabolite composition of developing tomato fruit. Of these, the absolute quantification of 32 primary metabolites (e.g. amino and organic acids, sugars and sugar alcohols) were obtained in tomato leaf and green and red fruit tissue using calibration curves as previously described by Roessner et al. [122] . Absolute levels for amino acids ranged from 0.002 to 2.32 µmol g −1 FW in tomato leaves, 0.03 to 82.83 µmol g −1 FW in tomato green fruit and 0.07 to 201.3 µmol g −1 FW in tomato red fruit; those for organic acids ranged from 0.01 to 19.48 µmol g −1 FW in tomato leaves, 0.18 to 3.17 µmol g −1 FW in tomato green fruit and 0.03 to 0.17 µmol g −1 FW in tomato red fruit; and those for sugars and sugar alcohols ranged from 0.03 to 32.05 µmol g −1 FW in tomato leaves, 0.10 to 34.22 µmol g −1 FW in tomato green fruit and 0.28 to 33.33 µmol g −1 FW in tomato red fruit [130] (table 3) .
A novel approach that used a GC-QqQ-MS method has been recently developed, validated and implemented by Dias and co-workers [129] for the quantitative profiling of 48 primary metabolites that ranged from sugars and sugar phosphates to organic acids in two chickpea cultivars with contrasting responses to salt stress [129] (table 3). In that study, highly selective MRM transitions and collision energy parameters for each metabolite were optimized and the GC-QqQ-MS method fully validated in terms of method precision and accuracy, linearity, LOQ and analytical recoveries. The method exhibited good linearity over the range 0.625-320 µM for organic acids and sugars [129] (table 3) .
As we have seen from these pioneering examples, despite GC-MS metabolite profiling being used to determine the absolute levels of some primary metabolites after the establishment of appropriate calibration curves of authentic standards (around 30 is acceptable), this approach is most frequently used in plant metabolomics studies as a tool to determine the steady-state relative levels of all measurable metabolites in plant extracts. GC-MS metabolite profiling has therefore been widely applied to answer interesting biological questions in the field of plant environment interactions [95, [135] [136] [137] [138] [139] [140] [141] [142] [143] [144] ] to name just a few.
(ii) Phytohormones GC-MS has long been recognized to be an important quantitative tool for the determination of low-abundance phytohormones typically found in plant tissues. Moreover, significant improvements have been made to optimize the sample extraction procedures, and, most importantly, to establish a derivatization step that can be applied to a wide range of phytohormones [107, 108] . To date, vapour-phase extraction (VPE) is considered one of the most robust extraction methods, while derivatization protocols that include silylating agents have led to a broad coverage of phytohormones with GC-MS methods [131] [132] [133] [145] [146] [147] . However, the use of the alkylating agent methyl chloroformate (MCF) has proved to be a good alternative mainly because it is not affected by the presence of water in the reaction bulk [148] .
A number of GC-MS methods have been described for the analysis of phytohormones. One relevant study was performed by Müller and co-workers [145] , who developed a GC-QIT-MS method for the quantification of IAA, ABA, JA, 12-oxo-phytodienoic acid (OPDA) and SA in A. thaliana plant tissues to create a distribution map of these phytohormones within organs at the whole-plant level [145] .
Later, Birkemeyer and co-workers tested and compared different derivatization protocols for the GC-Q-MS quantification of several phytohormones [131] . The authors concluded that silylation with N-methyl-N-(tert-butyldimethylsilyl)trifluoroacetamide (MTBSTFA) was the most comprehensive derivatization protocol for phytohormone coverage, prior to GC-Q-MS analysis [131] . The optimized methodology was applied for the identification and quantification of IAA, JA, SA, ABA and two CKs (meta-topolin, trans-zeatin) in tobacco roots and seedlings of A. thaliana. In that study, LODs in the 0.01-0.9 pmol range were obtained for all target phytohormones [131] (table 3).
In the same year, Engelberth et al. [132] developed a sensitive and reproducible GC-QIT-MS method for the quantification of JA and SA in different plant tissues (e.g. Zea mays, N. tabacum, Arachis hypogaea) using a VPE and a methylation derivatization protocol. The analytical method exhibited good linearity over the range 5-1000 ng and analytical recoveries between 70% and 90% for SA and between 90% and 100% for JA [132] . According to the authors, the LOD of 500 fg indicated that the method can be applied to the quantification of both SA and JA using small amounts of plant material (5-400 mg FW) [132] (table 3) .
Using a similar approach, Schmelz and co-workers [133] determined simultaneously the levels of SA, JA, IAA and ABA as well as the levels of a phytotoxin (coronatine) in different plant systems (e.g. A. thaliana, Z. mays, N. tabacum, L. esculentum) subjected to different environmental stresses (e.g. biotic and abiotic stress factors). In that study, the GC-Q-MS method showed good linearity over the range 0-150 ng, and analytical recoveries above 50% for the targeted phytohormones [133] (table 3) .
Recently, Rawlinson and co-workers [134] described the development and validation of a GC-Q-MS method for the simultaneous quantification of five phytohormones, including ABA, azelaic acid (AZ), IAA, JA and SA, in the leaves of the model legume M. truncatula [134] . The method showed good linearity over four orders of magnitude for all target phytohormones, ranging from 2 to 50 ng ml −1 . The LODs were also determined and were between 2 and 10 ng ml −1 , and LOQs ranged from 8.9 to 89.2 ng µl −1 [134] (table 3) . 
Conclusion/perspectives
As described by the numerous examples in this review, undoubtedly, MS has proven to be a valuable quantitative tool in modern plant metabolomics studies due to its high sensitivity and selectivity. GC-MS metabolite profiling approaches have the advantage over LC-MS and CE-MS of a relatively broad coverage of compound classes, and interest in applying it will continue to grow in the field of plant metabolite responses to various genetic and/or environmental perturbations (abiotic/biotic stress factors). Despite the rapid advances in MS technology (i.e. mass resolution, mass accuracy, mass range and sensitivity), currently, no single analytical MS platform can cover the whole-plant metabolome, and our ability to identify and quantify metabolites in comprehensive plant metabolomics experiments still depends on the dynamic range of commercially available MS systems. Notably, improvements in sensitivity are always of great interest because sensitivity determines the LOD, which is particularly important for the quantification of low-abundance metabolites (e.g. T6P, phytohormones).
